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ABSTRACT 
The influence of single and repetitive sudden changes of temperature on the mechanical integrity of 
cemented carbides was investigated as a function of their microstructure. Thermal shock resistance 
was assessed by testing the residual flexural strength of hardmetal beams after being subjected to 
thermal shock by water quenching. Results indicate that hard cemented carbides tend to exhibit a 
superior resistance to the nucleation of thermal shock damage but a lower resistance to the 
propagation of thermal shock than tough cemented carbides, and vice versa. These trends are in 
agreement with those expected from the evaluation of the thermal shock Hasselman’s parameters. 
The evidenced strength loss after thermal shock may be related to the subcritical growth of intrinsic 
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flaws based on localized microcracking. Results also point out on Ni-based hardmetals to exhibit a 
slightly higher resistance to abrupt changes of temperature than Co-based ones. 
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1. INTRODUCTION 
Cemented carbides, usually referred to as hardmetals, are composite materials consisting of hard 
ceramic particles embedded in a tough metallic matrix acting as a binder. They exhibit an 
exceptional combination of strength, toughness and wear resistance as a result of the extremely 
different properties of their two constitutive phases [1]. These merits endow hardmetals as first 
choice materials for a wide range of severe applications, including exposure to harsh service 
conditions such as corrosive environments, high temperatures or abrupt temperature changes [2]. 
Nevertheless, despite its exceptional thermal conductivity and excellent fracture toughness in 
comparison with ceramic materials, WC-Co cemented carbides are sensitive to thermal shock due to 
its brittle-like nature behavior [3,4]. Thus, thermal cracking and thermal fatigue are recognized as 
common modes of failure of cemented carbide tools in different applications, such as in intermittent 
cutting
 
and rock drilling [5–9]. However, different from the case where pure mechanical loads are 
implied [9,10], studies devoted to thermal shock resistance of hardmetals are relatively scarce 
[3,4,11–15]. Further, these studies only relate to Co-base hardmetals and the influence of the 
microstructure on the strength degradation of these materials due to thermal shock is hardly 
addressed. Therefore, in this paper the influence of three different microstructural variables on the 
thermal shock resistance of cemented carbides are evaluated and discussed. These include: binder 
chemical nature, binder content, and carbide mean grain size. Within this context, it is worthy to 
remark that the replacement of Co metal by alternative binders is one of the major challenges of 
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hardmetals community [16]. That is particularly important nowadays, due to the classification of 
cobalt dust as a toxic and carcinogenic material by both, the European program for Registration, 
Evaluation, Authorisation and Restriction of Chemical substances (REACH) and the U.S. National 
Toxicology Program (NTP).  
The measurement of the retained strength after a quench test is a common method for evaluating 
thermal shock resistance of ceramics. The test consists in determining the critical thermal shock 
temperature difference (ΔTc) above which the residual strength is reduced up to values of 70% the 
average strength measured at room temperature [17]. Aiming to rationalize thermal shock rupture, 
Hasselman theory is frequently invoked to describe the strength degradation of ceramic materials 
when the microstructure has a critical role in defining thermal shock resistance.  It consists of 
several thermal shock resistance parameters (i.e. R parameters) that define the resistance of the 
material to crack initiation and/or propagation due to sudden temperature changes. Indeed, first 
Hasselman thermal shock parameter (i.e. the R parameter) was firstly defined by Kingery [18].  A 
few years later, Hasselman proposed the R’’’’ parameter  [19] and the unified theory of thermal 
shock [20]. In this investigation, both Hasselman’s parameters, R and R’’’’, are recalled for the 
analysis of the microstructural effects on the thermal shock behavior of hardmetals. The R 
parameter refers to the critical quenching temperature to induce fracture in the material and can be 
estimated according to: 
  
       
  
  (1) 
where σr is the fracture strength, ν is the Poisson ratio, E is the elastic modulus and α is the 
coefficient of thermal expansion. On the other hand, the R’’’’ parameter describes the condition 
necessary for the propagation of thermal shock induced cracks and is given by:  
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where KIc is the fracture toughness of the material. Within this framework, Mai [3] documented a 
strong strength degradation of cemented carbides when subjected to abrupt temperature changes, 
and successfully rationalized strength loss with crack initiation (R) and crack propagation (R’’’’) 
Hasselman’s  thermal shock resistance parameters [20]. 
In addition to material properties and the critical temperature difference, there are several factors 
that have a relevant influence on the performance of a body subjected to thermal shock. Buessemen 
proposed a classification of these factors in three groups defining different issues [21]: (1) thermal 
shock conditions, (2) geometry of the solid body and (3) material properties. The first group 
includes temperature differential and heat transfer coefficient. The second one considers size and 
shape of the body. Finally, the third group accounts for coefficient of thermal expansion, elastic 
properties, fracture strength and fracture toughness [18,21]. The shape of the body is an extremely 
important aspect in determining the critical temperature difference. In general, it is recommended to 
avoid corners and edges, since they can act as thermal stress concentrators [18,21]. Hence, the 
critical temperature difference to crack a specimen can be defined as the crack initiation resistance 
parameter, multiplied by a shape factor (S) (i.e. ΔTc = R·S) [18]. 
From a physical viewpoint, thermal shock damage in cemented carbides has been postulated to 
proceed mainly through the nucleation of microcracks at the carbide-binder interface which tend to 
propagate avoiding the hard phase [12–15]. This is due to the large difference between the 
coefficient of thermal expansion of the ceramic and metallic phases and because of the high elastic 
modulus of the composite material. Thus, abrupt temperature changes generate significant large 
thermal stresses that induce the formation of microcracks at the interface between carbide and 
binder [12,13]. Maximum cooling tensile stresses are concentrated at the surface, and the magnitude 
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of these induced stresses is a linear function of the temperature difference and the distance from the 
cooled surface [14,22]. In addition, the heat transfer coefficient between the coolant and the 
material has also a significant influence in the generation of thermal stresses. Within this context, 
water is found to be much more severe than silicon oil, and maximum thermal stresses are attained, 
when cooling hardmetals in water, at around 0.5 seconds after the first contact [14].  
Similar to other metal-ceramic composite materials, cemented carbides exhibit a rising crack growth 
resistance (R-curve) behavior [23–26] related to the development of ductile bridging ligaments at 
the crack wake [25–27]. R-curve characteristics are strongly influenced by the microstructure, and 
R-curves with a more relevant increase (including a longer subcritical crack extension) are found 
when rising binder content and carbide mean grain size (i.e. higher fracture toughness). This crack 
bridging toughening mechanism translates into effective damage tolerance, becoming then a 
microstructural design strategy for improving the reliability of cemented carbides tools, wear parts 
and structural components.  
In this paper, microstructural effects on the strength degradation of cemented carbides subjected to 
single and repetitive sudden temperature changes are studied. In doing so, and following the 
approach proposed by Mai [3], experimental data is analyzed and discussed on the basis of 
Hasselman’s parameters for the assessment of thermal shock resistance in structural materials. 
2. MATERIALS AND EXPERIMENTAL ASPECTS 
2.1. Materials and microstructural characterization 
Five experimental cemented carbides grades with different combinations of binder chemical nature 
(Co, CoNi and Ni) binder content (medium and high), and carbide mean grain size (ultrafine, fine, 
medium and coarse) were selected. All samples and materials used in this investigation were 
supplied by Sandvik Hyperion. Microstructural characteristics of studied hardmetals are given in 
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Table 1, and they include information on the binder chemical nature, binder weight content 
(V
wt
binder), carbide mean grain size (dWC), carbide contiguity (CWC) and binder mean free path (λbinder). 
Within this context it is important to remark that the principal parameters used to characterize the 
microstructure of hardmetals are the binder volume and the carbide mean grain size. However, 
usually these two parameters are varied simultaneously, and consequently additional two-phase 
normalizing parameters are required in order to properly analyze microstructure-property 
correlations. Among them, the contiguity of the carbide phase, CWC, and the binder mean free path, 
λCo, are the mostly employed ones. The former parameter describes the interface area fraction of 
carbides particles that is shared between them, whereas the latter refers to the mean size of the 
metallic phase. Binder content values are given as supplied by the manufacturer, whereas carbide 
mean grain size was measured following the linear intercept method in field emission scanning 
electron microscopy (FESEM) micrographs [28]. On the other hand, two-phase microstructural 
parameters, CWC and λbinder, were estimated from best-fit empirical equations given in the literature 
[29,30]. Further, it is important to remark that the investigated 10CoUF, 11CoM and 9NiF grades 
contain a small amount of Cr3C2, added as a grain growth inhibitor. 
One main objective of this investigation is to correlate the strength loss induced by thermal shock in 
cemented carbides on the basis of the Hasselman parameters. The determination of the thermal 
shock resistance parameters requires of several material properties to be measured or estimated, the 
latter from equations proposed in literature. Measured and estimated properties at room 
temperature, together with the determined R and R’’’’ parameters for the studied materials are given 
in Table 2. The Poisson’s ratio and the coefficient of thermal expansion were estimated by applying 
the rule of mixtures for composite materials. In doing so, the α and υ data for the WC and Co phases 
were collected from the investigation published by Mari et al. [31], whereas for the Ni binder a 
coefficient of thermal expansion similar to that of cobalt was chosen [32]. Hardness (HV) was 
measured using a Vickers diamond pyramidal indenter and applying a load of 294 N.  Flexural 
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strength (σr) was assessed on four-point bending by means of a fully articulated test jig with inner 
and outer spans of 20 and 40 mm, respectively. These tests were performed on an Instron 8511 
servohydraulic machine at a load rate of 100N/s. At least 15 specimens with dimensions of 45 mm x 
3 mm x 4 mm (i.e. length x thickness x width) were tested per grade. The surface which was later 
subjected to the maximum tensile loads was polished to mirror-like finish and the edges were 
chamfered to reduce their effect as stress raisers. The same sample preparation and strength testing 
procedure was followed for the assessment of mechanical integrity of specimens subjected to 
sudden temperature changes. Fracture toughness (KIc) was determined by testing single edge pre-
cracked specimens with dimensions of 45 mm x 5 mm x 10 mm at stress-intensity factor load rates 
of about   MPa√m/s, following the procedure described by Torres et al. [33]. Five samples were 
tested per studied hardmetal grade. Finally, the elastic modulus was assessed in the 45 mm x 3 mm 
x 4 mm bars by means of the “Impulse Excitation of Vibration” (IEV) method, according to the 
ASTM E-1876 standard [34]. 
 
2.2. Thermal shock tests 
Thermal shock testing was performed by heating up the 45 mm x 3 mm x 4 mm bars at the desired 
temperature, and subsequently water quenching them. In doing so, the samples were heated at 
10ºC/min in a Hobersal 12 PR/300 furnace to the intended temperature, held at the maximum 
temperature for 20 minutes to equilibrate it, and water quenched to room temperature (i.e. 23ºC). 
Two temperature differentials (ΔT) of 400ºC and 550ºC were selected. However, higher temperature 
difference levels were not tested, aiming to avoid interference of other environmental-related 
degradation phenomenon, i.e. oxidation [35,36]. Moreover, in order to assess the effect of repeated 
thermal shock, several samples were subjected to three different numbers of quenching cycles (Nc = 
1, 3 and 10). Retained flexural strength at room temperature was measured by testing to failure at 
least 3 specimens per temperature difference and number of thermal shock repeats, following the 
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same procedure as the one done for the non-quenched (reference) bars. After failure, a detailed 
FESEM (JEOL-7001F unit) fractographic inspection was carried out in order to discern critical 
flaws that promoted rupture. The elastic modulus was also assessed after thermal shock tests (IEV 
method), in order to discern possible changes related to potential microcracking of the specimens. 
With that purpose at least three bars were tested per thermal shock condition and investigated 
material.  
 
3. RESULTS AND DISCUSSION 
Retained strength after water quenching against the number of thermal shock cycles is given in 
Figure 1 for the two suddenly-induced temperature differentials investigated. Figures 1a and 1b 
show the residual strength for temperature differentials of 400ºC and 550ºC, respectively. 
Experimental data is also plotted in Figures 1c and 1d, but here the strength is normalized by using 
the fracture resistance measured in non-quenched specimens (reference baseline). These graphs 
clearly indicate that cemented carbides are sensitive to thermal shock. However, for the studied 
temperature differentials, and contrary to the case of other ceramics with lower toughness levels 
(e.g. [37,38]), an abrupt strength drop after thermal shock is not evidenced. Indeed, retained 
strength rather shows a slightly decrease when increasing temperature difference. Accordingly, 
strength retention after thermal shock at the tested temperature differences resulted to be always 
higher than 70% of the average room temperature strength, defined as the strength loss required for 
reaching ΔTc. Those facts indicate that the critical temperature differential for studied materials is 
above 550 ºC. However, as previously commented, the samples were not heated up over this 
temperature differential to minimize oxidation damage [35,36]. Furthermore, relevant damage in the 
post-quenched study was also discerned as a function of the number of thermal shock cycles. In 
general, it can be observed that the retained strength decreases when increasing the number of 
cycles. This fact is more evident for the larger temperature differential. At this point it should be 
9 
 
mentioned that cemented carbides applications may imply higher thermal shock temperature 
differentials and larger number of thermal shock cycles [2,9]. Consideration of wider ranges of 
experimental variables was beyond the scope of this investigation, as main aim here was to provide 
a first insight into microstructural effects on the susceptibility of cemented carbides to be degraded 
due to thermal shock. Nevertheless, it is clear that further research involving higher temperature 
differentials and number of cycles, should be conducted if assessment of a damage scenario closer 
to real service-like conditions is wanted. The slight steady decrease of the retained strength 
observed when increasing the temperature differential and the number of quenching cycles, points 
out stable crack propagation of inherent cracks as the main thermal shock damage mechanism for 
strength degradation of cemented carbides [13]. In order to discern possible microcracking of the 
specimens, the elastic modulus was assessed after thermal shock and compared to that determined 
for the non-quenched specimens. However, no changes were evidenced in the stiffness of specimens 
after thermal shock, suggesting that microcracking was rather a localized phenomenon. 
Experimental results indicate that for the studied ΔT of 400ºC almost no strength loss is evidenced 
in the first thermal shock cycle. For this sudden temperature change, retained strength after several 
thermal shock cycles is really close to that measured for non-quenched specimens. In fact, the 
observed strength loss was less than a 10% after the 10
th
 cycle for most of the studied hardmetals. 
The unique exception was the hardest (and most brittle) material, which exhibited a slightly higher 
strength loss (about 15%). The lowest damage tolerance to cyclic thermal shock crack propagation 
evidenced for the 10CoUF hardmetal is in agreement with the lowest estimated R’’’’ value for this 
grade. On the other hand, for the temperature differential of 550ºC, a significant strength drop at the 
1
st
 thermal shock cycle was not evidenced for the harder and more brittle hardmetals (i.e. the 
10CoUF and 9NiF grades). Meanwhile, the tougher grades exhibited strength drops between 10 and 
15%. However, this trend was reversed when increasing the number of quenching cycles. Here, the 
largest strength loss after the repetitive 10
th
 thermal shock was found for the 10CoUF grade, while 
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the toughest material exhibited the best strength retention. These results are in complete agreement 
with the trends indicated by Hasselman’s parameters, on the basis of strength retention after single 
or repetitive thermal shocks. Thus, the materials with higher R thermal shock parameter values 
exhibited better thermal shock resistance against damage nucleation (i.e. for the 1
st
 quenching 
cycle), but were more sensitive to the propagation of this damage, as indicated by their lower R’’’’ 
Hasselman parameter values.  
The decision of which Hasselman parameter, R or R’’’’, is more adequate for the proper material 
selection against thermal shock mainly depends on the application. Within this context, Lu and 
Fleck [39] proposed two material performance indices for strength-controlled (σr/Eα) and 
toughness-controlled (KIc/Eα) failure. Both parameters consider a perfect heat transfer, but in the 
case of a poor surface heat transfer the heat conductivity (λ) must be also considered and included in 
both indices [39]. The first criterion considers tensile fracture in a solid containing a certain 
distribution of flaws, while the second assumes a large pre-existing flaw that fractures when the 
stress intensity factor at the crack tip reaches the fracture toughness value. Therefore, as it is the 
case for Hasselman parameters, the first is more related to crack initiation and the second to crack 
propagation [39]. An interesting tool for material selection against thermal shock is to represent in a 
map both merit indices, where σr/Eα and KIc/Eα are the horizontal and vertical axis, respectively. 
This map is shown for the studied cemented carbides in Figure 2. As evidenced from the 
Hasselman parameters, cemented carbides exhibiting a high strength-controlled merit index have 
small toughness-controlled indices, and vice versa. In this sense, the ideal material for thermal 
shock resistance would be the one combining high values for both parameters. It is interesting to 
note that the (KIc/σr)
2
 parameter, which is proportional to the R’’’’ thermal shock parameter, may be 
represented as parallel lines of constant (KIc/σr)
2
 values in the map of Figure 2. Hence, materials 
with large (KIc/σr)
2
 values exhibit a higher resistance to damage propagation, and therefore the 
(KIc/σr)
2
 index can be interpreted as a measure of damage tolerance [39]. 
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On the basis of the data shown in Figure 2, the 11CoM hardmetal grade exhibits the best 
compromise between both merit indices, and therefore it would be expected to have the best thermal 
shock resistance. However, this trend is not reflected on the retained strength values evidenced for 
this grade and shown in Figure 1. In this regard, it is interesting to highlight the relative high values 
of merit index for toughness-controlled fracture of medium and coarse-grained 10CoNiM and 
10CoC grades, respectively. These values are in agreement with the high strength retention values 
evidenced for such grades (see Figure 1). Two main facts may explain this improved behaviour. 
First, damage tolerance levels increase when raising fracture toughness (i.e. when increasing the 
binder content and/or carbide mean grain size). Second, thermal conductivity of cemented carbides 
increases when raising the mean grain size of the carbide phase [40,41]. Therefore thermal gradients 
are reduced for coarser grades resulting in an enhanced resistance against sudden temperature 
changes. It will explain the improved thermal shock resistance evidenced for the coarser cemented 
carbides. On the other hand, and as already pointed out in previous investigations [42–44], it should 
be underlined the slightly improved strength retention observed for the studied nickel grades in 
comparison with Co-base hardmetals. Indeed, Co-binder phase in cemented carbides consists on a 
Co-W-C alloy due to the diffusion of W and C from WC into Co during the sintering process [45]. 
In this regard, the presence of both elements partially stabilizes the high temperature fcc phase 
[46,47], which is more ductile than the hcp room temperature phase. However, a phase 
transformation from the fcc phase to the hcp one is produced when subjecting the specimens to 
water quenching from temperatures around 600ºC
 
[46]. Moreover, nickel binder accumulates 
deformation in the form of slip plus twinning damage mechanisms [48,49], but without evidence of 
such transformation. Therefore, the slightly higher strength losses evidenced for the Co-base grades 
could be speculated to be related to the fcc to hcp martensitic transformation induced during the 
thermal shock tests, that would not be taken place for nickel based cemented carbides.  
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Strength reduction due to thermal shock may be speculated to be associated with the inducement of 
thermal residual stresses (TRS) in the surface and/or with subcritical crack growth of pre-existing 
defects. In order to discern if abrupt temperature changes were promoting TRS that were interacting 
with applied loads, some 10CoUF samples were heat treated (after thermal shock tests) aiming to 
relieve them. Hence, the referred samples were heated up to 920ºC in a vacuum furnace, held for 1h 
at the maximum temperature and cooled again to room temperature [50,51]. These samples were 
then tested following the same procedure previously described for the assessment of flexural 
strength. Three different thermal shock conditions were evaluated and the obtained strength results 
after the heat treatment were compared to that exhibited by the quenched specimens (Table 3). The 
good agreement found between flexural strength results obtained for both conditions discards TRS 
as main reason for thermal shock degradation. 
Finally, a detailed fractographic inspection of the broken specimens was conducted in order to 
identify the flaws that acted as initiation sites for failure as well as to discern additional damage 
induced by thermal shock. Some examples of the identified critical flaws are shown in Figure 3. 
Critical flaws origins mainly consisted on abnormally coarse WC particles (e.g. Figure 3a and 3c) 
and binderless concentration of abnormally coarse WC particles (e.g. Figures 3b, 3d, 3e and 3f); 
although other defect types such as inclusions and pores were identified for the hardest grades. In 
addition, the critical flaw sizes were estimated by means of linear elastic fracture mechanics 
(LEFM) and are shown in Table 4. This failure criterion relates the fracture strength with the 
critical flaw size (ac) and the plane strain fracture toughness of the material according to the 
expression [52]: 
       √   (3) 
where Y is a dimensionless crack/specimen geometric factor. In this investigation a Y value of 1.292 
is considered, corresponding to semicircular surface cracks [53]. Experimentally determined and 
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estimated crack sizes are similar for the hard grades. However, this is not the case for the tougher 
ones, where LEFM analysis yield overestimated values. As previously reported by the authors of 
this investigation, these relative differences are related to the existence of an R-curve behavior in 
cemented carbides that becomes more prominent when rising fracture toughness. Details of this 
fracture mechanism may be found elsewhere [25]. According to LEFM estimates, critical flaws for 
the 10CoUF exhibit a subcritical crack grow from 10% up to 100% their original size, when 
subjected to 1 and 10 thermal shock cycles at a temperature differential of 550ºC, respectively. On 
the other hand, critical flaws for the tougher grade (i.e. 10CoC) are estimated to grow from 20% to 
50% under the same thermal shock conditions. These results strengthen the arguments previously 
exposed: harder cemented carbides exhibit higher resistance to nucleation of thermal shock 
induced-damage, as compared to tougher grades, but lower to propagation of such damage. 
In general, it was found that thermal shock cycles do not imply changes in the nature of failure 
controlling flaws in comparison with the identified flaws for non-treated specimens. Therefore, as 
previously commented, the nucleation of microcracks at the carbide-binder interfaces [12–15] in the 
vicinity of these critical defects may be postulated as the determining factor for strength loss 
associated with thermal shock. Under these conditions, microcracking is expected to promote 
subcritical growth of preexisting defects (and thus, may result in variations of their size and 
geometry). Consequently, a subsequent strength reduction of the material is to be expected. In this 
regard, several microcracks were evidenced in the regions close to the inherent critical defects at 
WC-binder interfaces, and are marked with arrows in Figure 3. This fact, in addition to the absence 
of variation in the elastic modulus after thermal shock tests, may explain the evidenced strength 
losses due to sudden temperature changes.   
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4. CONCLUSIONS 
The resistance of cemented carbides to thermal shock was investigated by measuring the retained 
strength after subjecting the samples to single and repetitive abrupt temperature changes. In doing 
so, the thermal shock resistance of five hardmetals grades having different microstructural 
characteristics was assessed. Two temperature differences (400 and 550ºC) and three different 
numbers of thermal shock repeats (1, 3 and 10 quenching cycles) were selected for the thermal 
shock tests. Experimental results indicate that cemented carbides are sensitive to abrupt temperature 
changes and may experience important strength losses when subjected to thermal shock. Within the 
range of experimental variables investigated, the main change induced by thermal shock is 
speculated to be subcritical growth of the intrinsic flaws, as related to localized microcracking. 
Thus, as the number of thermal shock repeats increases, the effective size of potential critical 
defects becomes larger and corresponding flexural strength is increasingly lessened. The harder 
studied hardmetal grades exhibited a higher resistance to initiation of thermal shock-induced 
damage than the tougher ones. On the contrary, the harder grades were found to be more sensitive to 
the propagation of this damage. Such microstructural trends are in satisfactory agreement with those 
expected from the relative difference between their initiation (R) and propagation (R’’’’) 
Hasselman’s parameters. The investigated Ni-based hardmetal exhibited a slightly superior thermal 
shock resistance than that expected for a WC-Co cemented carbide with alike microstructural 
characteristics. The higher strength losses evidenced for WC-Co hardmetals are postulated to be 
related to the martensitic phase transformation from the fcc to the hcp phase induced in the cobalt 
phase during quenching. An improved thermal shock resistance when increasing the mean carbide 
grain size was also evidenced, as related to a higher damage tolerance (i.e. due to a more prominent 
R-curve behavior) as well as to a higher thermal conductivity.  
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Figure 1. Flexural strength as a function of the number of quenching cycles (Ni) at the two 
investigated temperature differentials of (a) 400ºC and (b) 550ºC for the investigated hardmetals. 
The same results are displayed as the normalized flexural strength for the (c) 400ºC and (d) 550ºC 
investigated temperature differentials, by using the strength of non-quenched specimens as 
reference baselines. 
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Figure 2. Merit index for strength-controlled failure (σr/Eα) against merit index for toughness-
controlled failure (KIc/Eα). Straight dashed lines represent the evolution of the (KIc/σr)
2
 ratio, 
directly proportional to the R’’’’ Hasselman parameter. The ideal material against thermal shock 
degradation would be the one combining high values for both merit indices. 
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Figure 3. Micrographs corresponding to critical flaws that promoted failure in investigated 
materials after being subjected to single and/or repetitive thermal shocks. They correspond to two 
generic types. First, an abnormally coarse WC particle in; (a) and (c). Second, binderless 
concentration of abnormally coarse WC particles in; (b), (d), (e) and (f). Microcracking in the 
vicinity of the critical flaws was evidenced and marked with arrows. 
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Table 1. Nomenclature, binder chemical nature and weight content (V
wt
binder), carbide mean grain 
size (dWC) and contiguity (CWC), and binder mean free path (λbinder) for the investigated cemented 
carbides. *Hardmetal grades 10CoUF, 11CoM and 9NiF include a small amount of Cr3C2, added as 
a grain growth inhibitor.  
Specimen 
code 
V
wt
binder 
(%wt.) 
dWC 
(μm) 
CWC 
λbinder 
(μm) 
10CoUF* 10.0 0.39 ± 0.19 0.46 ± 0.06 0.16 ± 0.06 
11CoM* 11.0 1.12 ± 0.71 0.38 ± 0.07 0.42 ± 0.28 
10CoC 10.0 2.33 ± 1.38 0.31 ± 0.11 0.68 ± 0.48 
10CoNiM 7.5%wt.Co - 2.5%wt.Ni 1.04 ± 0.83  0.41 ± 0.08 0.36 ± 0.29 
9NiF* 9.0 0.83 ± 0.49   0.44 ± 0.08 0.29 ± 0.18 
 
Table 2. Hardness (HV), Young modulus (E), flexural strength (σr), fracture toughness (KIc), 
Poisson ratio (υ), coefficient of thermal expansion (α) and estimated R and R’’’’ Hasselman 
parameters for studied cemented carbides. *Poisson ratio and thermal expansion coefficient were 
estimated using the rule of mixtures for composite materials. 
Specimen 
code 
HV 
 (GPa) 
E 
(GPa) 
σr 
(MPa) 
KIc 
(MPa) 
υ* 
α* 
(ppm/Cº) 
R 
(ºC) 
R’’’’ 
(μm) 
10CoUF 15.7 ± 0.6 582 ± 4 3422 ± 512 10.4 ± 0.3 0.24 6.62 677 5.9 
11CoM 12.8 ± 0.2 577 ± 3 3101 ± 102 13.9 ± 0.3 0.24 6.75 606 13.2 
10CoC 11.4 ± 0.2 595 ± 5 2489 ± 85 15.8 ± 0.3 0.24 6.61 482 26.4 
10CoNiM 11.6 ± 0.1 593 ± 3 2720 ± 198 14.2 ± 0.4 0.24 6.57 532 17.9 
9NiF 13.2 ± 0.2 612 ± 5 3080 ± 210 11.5 ± 0.2 0.24 6.47 593 9.1 
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Table 3. Flexural strength for investigated 10CoUF hardmetal measured for water quenched 
specimens before and after the application of a heat treatment for the relaxation of TRS. 
 σr (MPa) 
 Water quenched Water quenched and heat treated 
10CoUF – ΔT = 400ºC – 10 cycles 2802 ± 126 2672 ± 248 
10CoUF – ΔT = 550ºC – 3 cycles 2611 ± 292 2885 ± 246 
10CoUF – ΔT = 550ºC – 10 cycles 2413 ± 253 2442 ± 227 
 
 
Table 4. Estimated critical flaw sizes according to LEFM equation by considering the defects as 
semicircular surface cracks. 
Specimen 
code 
Non-quenched 
∆T = 400 ºC ∆T = 550 ºC 
Nc = 1 Nc = 3 Nc = 10 Nc = 1 Nc = 3 Nc = 10 
10CoUF 6 6 7 8 6 10 11 
11CoM 12 14 15 16 17 18 21 
10CoC 24 26 25 28 30 31 35 
10CoNiM 16 16 17 20 22 23 26 
9NiF 8 9 8 9 9 11 13 
 
 
